Molecular detection of Bordetella pertussis DNA is a sensitive and specific method for the rapid diagnosis of pertussis. In this study, a new molecular assay for the detection and differentiation of Bordetella spp. based on automated DNA extraction and real-time PCR was evaluated. The analytical sensitivity of the new assay was determined by Probit analysis of serial dilutions of both cloned PCR products IS481 and IS1001 and cell suspensions of B. pertussis, B. parapertussis, and B. bronchiseptica. The specificity was analyzed by testing a number of pathogens producing respiratory infections. Moreover, a total of 92 clinical samples were investigated. The results were compared to those obtained by an in-house assay based on manual DNA extraction, followed by real-time PCR and detection of IS481. The analytical sensitivity of the new assay for the detection of IS481 and IS1001 was determined to be 2.2 and 1.2 genome equivalents/l, respectively. The analytical sensitivity for the detection of B. pertussis, B. parapertussis, and B. bronchiseptica was determined to be 1.6, 1.0, and 2.7 genome equivalents/l, respectively. When clinical specimens were tested with the new assay, 46 of 92 were found to be positive for Bordetella DNA. With the in-house assay, 45 samples tested positive. The new molecular assay proved to be suitable for the rapid diagnosis of pertussis in the routine diagnostic laboratory.
Bordetella pertussis is the agent responsible for producing pertussis, also called whooping cough. B. parapertussis, B. bronchiseptica, and B. holmesii may also cause a pertussis-like respiratory disease but with a milder clinical course (7) . Pertussis occurs worldwide, with an increased incidence among young unvaccinated infants. Neonates and elderly patients may show an atypical course of disease (2, 4) . A rapid and reliable diagnostic method is thus essential for appropriate treatment and prophylaxis. Culture has been considered the gold standard for detection of B. pertussis but often lacks sensitivity, and a minimum of 4 days may be required to obtain results (1) .
Today, PCR has been shown to be a sensitive and specific method for the rapid diagnosis of pertussis (3, 6, 11) . In the Bordetella genome, there are repetitive insertion sequences present in a high copy number that may be useful for the amplification of different bacterial strains. Insertion sequences include IS481 in B. pertussis, B. holmesii, and, occasionally B. bronchiseptica, and IS1001 in B. parapertussis and, occasionally, B. bronchiseptica and B. holmesii. These sequences have been reported as target sequences in several PCR protocols (5, 10, 13, 15) .
In the present study, the new artus Bordetella LC PCR Kit (QIAGEN Hamburg GmbH, Germany), which includes a multiplex PCR system consisting of four independent PCRs for qualitative detection and differentiation of B. pertussis, B. parapertussis, B. bronchiseptica, and the heterologous internal control (IC), was evaluated. After we tested these methods for analytical sensitivity and specificity, clinical specimens were investigated. The results were compared to those obtained by a qualitative in-house assay based on single amplification and detection of IS481.
MATERIALS AND METHODS
Study design. In a first step, the analytical sensitivity and specificity of the new artus Bordetella LC PCR kit were investigated. Analytical sensitivity was determined by probit analysis of serial dilutions of cloned PCR products IS481 and IS1001 and cell suspensions of B. pertussis (strain DSM 5571; DSMZ GmbH, Braunschweig, Germany), B. parapertussis (strain DSM 13415; DSMZ), and B. bronchiseptica (strain DSM 13414; DSMZ). For determination of the lower limit of detection, dilution series (0.5 log in buffer AE; QIAGEN) for each of the strains were prepared. Each of the dilutions was analyzed on at least 2 days with at least 18 replicates per dilution. Specificity was tested using all known In a second step, a total of 92 clinical samples were investigated with the new molecular assay in an International Standards Organization (ISO9001, 2000)-certified routine clinical laboratory, the Molecular Diagnostics Laboratory, Institute of Hygiene. The results were compared to those obtained by a qualitative in-house assay published recently (9) .
Samples. A total of 92 nasopharyngeal swabs were investigated. All specimens were collected by using the Copan Venturi Transystem culture swab transport system (COPAN Italia Spa, Brescia, Italy) according to the manufacturer's instructions. Samples were derived from patients (45 females, 47 males; mean age, 8.7 years; age range, 0 to 86 years) with a clinical presentation compatible to B. pertussis infection.
Automated sample preparation protocol. For the new molecular assay, preparation of bacterial DNA started with dipping the swab into a mixture of 380 l of MagNA pure bacteria lysis buffer (Roche) and 20 l of proteinase K solution (20 g/liter). The tip of the swab was cut, and the suspension (including the swab tip) was incubated at 65°C for 10 min and at 95°C for another 10 min. After removal of the swab, 400 l of the suspension were transferred into the MagNA pure compact sample tube. Automated DNA extraction was done on the MagNA pure compact instrument (Roche) by using the MagNA pure compact nucleic acid isolation kit I (Roche). Prior to the start of DNA extraction, the instrument adds the heterologous IC automatically. For extraction of B. pertussis DNA, the DNA bacterium purification protocol was chosen. The elution volume was set to be 50 l.
Manual sample preparation protocol. For the in-house assay, manual isolation of B. pertussis DNA was done as described recently (9) .
Amplification and detection by the new molecular assay. Real-time PCR was performed on the LightCycler 2.0 CE/IVD (LC) instrument (Roche). All samples were tested with the artus Bordetella LC PCR kit (QIAGEN). This assay includes a multiplex PCR system consisting of four independent PCRs for the qualitative detection of B. pertussis, B. parapertussis, and B. bronchiseptica and a heterologous IC in a single LC glass capillary. With the first PCR, an 81-bp sequence specific for the insertion sequence IS481 present in high copy numbers in B. pertussis, B. holmesii, and, occasionally, B. bronchiseptica is amplified. The second PCR provides specific amplification of a 104-bp sequence specific for the insertion sequence IS1001 present in high copy numbers in B. parapertussis and occasionally B. bronchiseptica and B. holmesii. Both of the amplification systems use the same fluorescence dyes and are thus detected in the same LC channel. With the third PCR, a 135-bp sequence specific for the filamentous hemagglutinin gene, present as a single-copy gene in B. pertussis, B. parapertussis, and B. bronchiseptica is amplified. This specific amplification product allows the differentiation of B. pertussis, B. parapertussis, and B. bronchiseptica by melting-curve analysis. B. holmesii is not detected with this system. In addition, the assay includes amplification of a heterologous IC (a specially designed artificial DNA product) with a fourth PCR.
For real-time PCR, the PCR master mixture contained 13 l of Bordetella LC Master and 2 l of Bordetella LC Mg-Sol. A 5-l aliquot of extracted sample was added to 15 l of PCR master mixture in each LC glass capillary. After this, LC capillaries were sealed, inserted into the specially designed LC Carousel (Roche), and centrifuged at 3,000 rpm for 15 s. The cycling protocol was as follows: 1 cycle of 95°C for 10 min, followed by 50 cycles consisting of denaturation for 1 s at 95°C, annealing for 20 s at 55°C, and elongation for 15 s at 72°C. After the final cycle, the melting curve was started with the initial temperature set at 95°C for 1 s, followed by cooling to 35°C for 15 s; the thermal chamber temperature was then slowly (0.1°C/s) increased to 85°C, and the fluorescence was measured continuously. Fluorescence curves were analyzed with the LC software (LightCycler SW 4.05.415). The LC software provides three different fluorescence channels for final estimation of results obtained by the new molecular assay. Channel 530 was selected for both the IS481 and IS1001 amplification products, channel 640 was used for the amplification product specific for the filamentous hemagglutinin gene, and channel 705/Back530 was selected for the IC. Melting-curve analysis in channel 640 allows a differentiation between B. pertussis, B. parapertussis, and B. bronchiseptica, with melting peaks of 57, 64, and 60°C, respectively. Strains of B. bronchiseptica that do not include the IS481 and the IS1001 sequences in their genome are detected by the presence of the pathogenic factor gene only. Detection of B. holmesii is not provided by meltingcurve analysis.
Amplification and detection by the in-house assay. For the in-house assay, amplification and detection of Bordetella DNA was done as described recently (9) .
RESULTS
The analytical sensitivity of the artus Bordetella LC PCR kit for the detection of IS481 and IS1001 was determined to be 2.2 and 1.2 genome equivalents/l, respectively. The analytical sensitivity for the detection of the filamentous hemagglutinin gene, which allows the discrimination between B. pertussis, B.
parapertussis, and B. bronchiseptica by melting-curve analysis, was determined to be 1.6, 1.0, and 2.7 genome equivalents/l for B. pertussis, B. parapertussis, and B. bronchiseptica, respectively (Table 1) . Specificity testing of all known Bordetella spp. and of pathogens producing respiratory infections gave results as expected ( Fig. 1 .
When clinical specimens were tested with the new assay, 46 of 92 samples were found to be positive for Bordetella DNA. Differentiation by melting-curve analysis in channel 640 yielded B. pertussis in 37 samples, B. parapertussis in 1 sample, and B. bronchiseptica in another sample. In the remaining seven samples, Bordetella DNA was detected just by analysis of fluorescence curves in channel 530. The heterologous IC was consistently detected in all samples except those that contained high target concentration. In these samples, amplification of 
a HSV-1, herpes simplex virus type 1, etc.; CMV-Toledo, cytomegalovirusToledo virus; WNV, West Nile virus; HTLV-1, human T-cell leukemia virus type 1, etc.; HHV-6A, human herpesvirus type 6A, etc.; EBV, Epstein-Barr virus.
the IC was suppressed because of competitive inhibition (14) . When clinical specimens were tested with the in-house assay, 45 of 92 samples tested positive for the presence of IS481. The discrepant sample tested positive for B. parapertussis DNA with the new assay. All runs included no-template controls, and no contamination was observed during the entire study.
For the extraction of eight samples on the MagNA Pure Compact instrument (Roche), 60 min were required. This included a 5-min setup time for the instrument and 25 min for the pipetting steps prior to automated DNA extraction. After centrifugation, real-time PCR required another 55 min.
DISCUSSION
A rapid and reliable diagnostic method is essential for the appropriate treatment and prophylaxis of pertussis. Culture has been considered the gold standard for the detection of B. pertussis but often lacks sensitivity, and a minimum of 4 days may be required to obtain results (1). Several PCR approaches have been reported to be more sensitive and specific than culture for the diagnosis of pertussis (5, 10, 13, 15) . These assays only provide detection of IS481 and IS1001 without differentiation of Bordetella spp.
In the present study, a new molecular assay for the detection and differentiation of Bordetella spp. based on automated DNA extraction and real-time PCR useful for the routine diagnostic laboratory was evaluated and compared to an inhouse assay published recently. This new assay includes a multiplex PCR system consisting of four independent PCRs for the qualitative detection of insertion sequence IS481, insertion sequence IS1001, the filamentous hemagglutinin gene, and the heterologous IC in a single LC glass capillary. Differentiation between B. pertussis, B. parapertussis, and B. bronchiseptica is provided by melting-curve analysis of the amplification product specific for the filamentous hemagglutinin gene, which is present as a single-copy gene in the bacterium. FHA is a surface-exposed and secreted protein in Bordetella species that has been proposed to function as an adhesion and an immunomodulator, indicating a critical role for FHA in host specificity (8) . IS481 and IS1001 are repetitive insertion sequences that may occur in a high copy number. Comparative analysis of the genomes of B. pertussis and B. parapertussis revealed that the B. pertussis genome might have up to 238 copies of IS481 and that the B. parapertussis genome might have up to 22 copies of IS1001 (12) . Therefore, IS481-based PCR systems are expected to be about 2 logs more sensitive in the detection of B. pertussis than single-copy-target-based PCR systems. This explains why 46 of the samples gave a positive PCR result for the IS481/IS1001 target, indicating the presence of a human pathogenic Bordetella species, but only 39 of these samples gave a melting curve from the filamentous hemagglutinin gene-specific amplification product in channel 640, allowing the discrimination between B. pertussis, B. parapertussis, and B. bronchiseptica.
When clinical specimens were tested with the new assay, an additional sample was found to be positive for Bordetella DNA. Differentiation based on melting-peak analysis resulted in the identification of B. parapertussis. The negative result obtained by the in-house assay can be explained by absence of IS481 in B. parapertussis (15) .
In conclusion, the new molecular assay includes all of the features required for molecular detection and differentiation of Bordetella spp. DNA. It proved to be suitable for the routine diagnostic laboratory, allowing a rapid and safe diagnosis of pertussis.
